Successful organ cryopreservation will significantly benefit human health and biomedical research. One of the major challenges to this accomplishment is the need for optimization of cryoprotectant agent (CPA) perfusion procedures that involve highly complicated mass transfer processes in organs. The diffusivity of CPA is of critical importance for designing perfusion procedures to minimize the associated toxicity and osmotic damage. However, to date there have been no attempts to measure the CPA diffusivity in organs. In this study, we established a simple CPA diffusion model for relatively small organs, e.g., mouse ovaries, defined the apparent diffusivity ( D) of CPA for these organs, and established a practical approach to measure the value of D through magnetic resonant imaging (MRI). Using rapid MRI techniques and water saturation analyses, the distribution of ethylene glycol (EG) concentration in the centric cross-section of mouse ovaries was measured at a series of time points during perfusion, and these data were fit to the integral form of the mass transfer equation in the established model. These fits resulted in a value of D for EG in mouse ovaries of 6.1 ± 1.4 Â 10 À7 cm 2 /s (mean ± SD). Based on these results, we proposed a modified perfusion procedure that may improve the survival of small organs or thin tissues during equilibrium cooling processes and assessed its efficiency through theoretical analyses.
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Organ transplantation is one of the spectacular achievements of human biomedical research in the last century [12, 20] . Storage of organs before transplantation is of critical importance for medical and commercial applications. The commonly used hypothermic methods with 4°C as the storage temperature, however, generally are limited by storage time (48-72 h for kidney, 6-12 h for heart, etc.) due to the related hypothermic injuries [11, 19] . Cryopreservation of organs at the liquid nitrogen saturation temperature (À196°C) or dry ice sublimation temperature (À80°C) is potentially an approach to prevent hypothermic injury and may significantly prolong the storage time from hours to years [11] [12] [13] . Before cryopreservation, permeating cryoprotectant agents (CPA, e.g., ethylene glycol (EG), Me 2 SO, and glycerol) are commonly perfused into tissues and organs to prevent the damaging intra-and intercellular ice formation (IIF) induced by low temperatures [7, 17] , as well as attenuate cell damage due to the so-called ''solution effects" [8, 16] . However, these processes generate both toxic effects and osmotic damage to cells [4, 17] . Therefore, proper CPA addition and removal procedures are critical to cryopreservation protocols. To optimize these CPA perfusion procedures, it is essential to measure the dynamic CPA distribution inside the organs to obtain CPA mass transfer properties and predict the efficiency of different procedures.
Magnetic resonance imaging (MRI) is a widely used technique to detect spatial distribution of chemical components inside 3D structures without invasive methods [5, 10] . Different MRI techniques have been developed to investigate CPA perfusion processes in tissues. For example, Fuller and Busza [6] and Walcerz et al. [24] used an MR spectroscopic technique to obtain averaged CPA concentration over the entire volume of the tissues, and their procedure was improved by the chemical shift-specific slice selection (C4S) technique [23] to obtain the distribution of CPA concentration. Combining both the chemical shift selection (CHESS) and fast low angel shot (FLASH), the image quality was further improved with an enhanced signal-to-noise ratio [1, 2, 9] . However, to date there has been no attempts to apply these MRI techniques to organs, due to the complicated mass transfer process inside organs and the lack of simple physical models.
Even for relatively simple organs such as mouse ovaries, there exist different cell and tissue types at different locations. During a typical CPA diffusion process, CPA and water molecules diffuse through both cell membranes and intercellular space. This results in complicated physical models and involve parameters that are technically difficult to measure [14, 19] . To overcome these theoretical and technical difficulties, a simple model and MRI analysis process is required. In this study, we proposed the use of a phenomenological mass transfer property of CPA: the apparent CPA diffusivity, D (please see Table 1 for symbol definitions). Instead of measuring the CPA gradient inside tissues or MR spectrum frequency shift as previously described [10, 14] , we calculated the average CPA concentration in the centric cross-section (the cross-section with maximum area) of mouse ovaries from the MRI images and fit these data to the integral form of the mass transfer equations to obtain D. With this phenomenological parameterization the requirement of image quality is lowered, and the characteristics of the EG perfusion processes in mouse ovaries can be investigated and used to optimize CPA perfusion procedures.
Due to their relatively small size, mouse and rat ovaries may be cryopreserved using equilibrium cooling methods with relatively low CPA concentrations ($1.5 M) and slow cooling rates ($0.3 K/min) [3, 15, 25] . Investigators using the current perfusion methods generally attempt to achieve a uniform CPA concentration distribution inside ovaries before cooling [3, 15, 25] . However, this may not be the optimal approach. During a typical equilibrium cooling process, as temperature decreases and the solute concentration of freezing media increases, the cells near the ovary surface are able to efficiently lose intracellular water due to their direct contact with the extracellular solutions. In contrast, influenced by the slow diffusion process of water and CPA in tissues at subzero temperatures, the cells near the ovary center will be unable to lose enough intracellular water, resulting in a high possibility of IIF during cooling, which is generally believed to be lethal to cells [17, 22] . Therefore, a relatively high concentration of CPA ($6-7 M) is required to prevent IIF in the center of ovaries. However, when the ovaries perfused with 6-7 M CPA are transferred into the solutions with relatively low CPA concentrations ($1.5 M) for the following equilibrium cooling procedures, the cells near the surface will encounter a large amount of water influx due to the significant solute concentration difference ($5 M) between intra-and extracellular solutions. This process may severely damage the cells by osmotic effects. Based on the analyses above, for relatively small organs that can be cryopreserved using equilibrium cooling methods, we hypothesize that a perfusion procedure that results in a relatively high CPA concentration near the organ center and a relatively low CPA concentration on the surface will be superior to currently used approaches. Obviously, traditional perfusion procedures are incapable of achieving such an ''inverse" CPA distribution. This study was conducted to investigate an improved perfusion method to attenuate cell damage due to IIF near the center of ovaries and assess its efficiency through theoretical analyses.
Methods and materials

Mouse ovaries
Fresh ovaries were obtained from CD-1 female mice. They were first transferred into Flushing and Holding Medium (FHM; [15] ) at 37°C. All procedures using animals were approved by our institutional animal care committee and conducted in accordance with standards as described in the Guide for the care and use of laboratory animals (National Research Council, Washington, DC). Both ovaries were cleaned with tissue paper and mounted on a plastic sample holder as shown in Fig. 1 . The sample holder was inserted into a perfusion tube, which was loaded with 20 ml 40% (w/w) EG and 0.9% saline solution. The time duration for the insertion process and the first image acquisition was recorded and appended in the intensity curve with a zero concentration value as the curve origin.
Rapid MRI
Magnetic resonance imaging of mouse ovaries was carried out on a 7 T/210 mm horizontal bore Varian Unity Inova MRI system (Varian Inc., Palo Alto, CA) equipped with a quadrature driven birdcage RF coil (38 mm ID). After the perfusion tube with ovaries was inserted into the RF coil, a fast gradient echo multi-slice (GEMS) pulse sequence was applied to collect ovary images at a series of time points. The proton magnetic resonance (MR) spectrum was demonstrated in Fig. 2 when the perfusion tube was loaded with the EG solution, where the chemical shift between the protons of water and EG is 320 Hz at 7 T. The excitation frequency was centered on the resonant frequency of the -CH 2 group in EG molecules as shown in Fig. 2 , so that the signal of the resonance of water protons was suppressed to prevent the influence of water molecules on MR images. Consequently, the images obtained were only the signals generated by the excitation of the protons in the -CH 2 group of EG molecules, and thus the distribution of EG could be detected. The images were acquired with a flip angle of 10°, repetition time of 108 ms, echo time of 10 ms, three slices with 0.5 mm thickness, 20 repetitions, 128 Â 128 data matrix, 20 Â 20 mm field of view, and Fourier transformed with one zero filling in each dimension, yielding a 78 Â 78 lm in-plane resolution. The time interval between images was chosen to be 5 min, to balance the image quality and sampling rate to achieve optimal curve-fitting results. For each image, the average image intensity of the centric cross-section of each ovary was calculated by VNMRJ software (Varian Inc., Palo Alto, CA) with the boundary of the ovaries manually determined.
Physical model
To simplify the analytic procedures, the mouse ovaries were modeled as a sphere with the same cross-sectional area as ovaries. External to ovaries Fig. 1 . The sample holder for the MRI experiments.
The apparent (i.e., volumetrically averaged) diffusivity ( D) was used as the phenomenological parameter for the perfusion process in the whole ovaries. Therefore, the governing equation to describe the diffusion of CPA in the ovaries is
or, in the spherical coordinates:
Assuming the concentration of the EG solution in the perfusion tube is constant, the boundary condition is chosen as a constant EG concentration on the surface of ovaries:
where R is the radius of the spherical ovaries, and was calculated by the square root of the maximum cross-sectional area of the ovaries divided by p, and C ext is the CPA concentration of the perfusion solution. Then the theoretical solution to this diffusion process is expressed as
Cðr; tÞ ¼ C ext À 2 rR
where C 0 (r) is the initial CPA distribution inside the ovaries. The spatially averaged concentration of the centric cross-section of the ovaries can be obtained through
Cðr; tÞ Á 2prdr;
and in the case where C 0 (r) = 0, we can integrate explicitly and simplify to get
With the value of C obtained from the MRI experiments as a function of time, the value of D can be calculated through curve-fitting Eq. (6) with a genetic algorithm [18] . Using this value of D and Eq. (4), we can predict the CPA distribution inside mouse ovaries with different perfusion procedures.
An ''inverse" perfusion procedure To achieve a relatively high concentration of CPA near the center of ovaries and a relatively low concentration near their surface, an ''inverse" perfusion procedure was proposed. The ovary is first exposed to perfusion solutions with increasing CPA concentrations in a commonly used stepwise fashion, e.g., 1 M EG for 40 min, 4 M for 40 min and 7 M for 40 min. Then the ovary is perfused with decreasing CPA concentrations for relatively short times, e.g., 5 M for 5 min, 3 M for 5 min and 1.5 M for 5 min. The whole procedure will then result in a lower concentration on the surface and a higher concentration in the center. The reason for gradually lowering the EG concentration is to attenuate the osmotic damage to the cells near the ovary surface when they are exposed to these relatively low CPA concentrations. The change of CPA (EG) concentration in the perfusion solutions is demonstrated in Fig. 3 . An analytic solution of the diffusion equation with time dependent boundary conditions exists, but in our case it is sufficient to use Eq. (4) at each constant concentration perfusion step, e.g., the step when EG concentration for perfusion remains as 4 or 7 M for 40 min, with the initial concentration distribution C 0 ðrÞ of the new perfusion step set to the ending concentration distribution of the last perfusion step. Therefore, the theoretical solution for the EG concentration distribution during the whole perfusion procedure can be still obtained through this stepwise strategy.
Results
To calibrate the relationship between the image intensity and EG concentration in ovaries, ovaries containing 0%, 10%, 20%, 30%, 40% (w/w) EG were scanned in five plastic straws using the same MRI procedure. The average image intensity of the centric crosssection of each ovary was calculated. Fig. 4 demonstrates that the image intensity is a linear function (R 2 = 0.99) of the EG concentration in these ovaries. Therefore, the value of C can be calculated from the image intensity by fitting to this linear function. During the EG perfusion procedure in the tube as shown in Fig. 1 , the image intensity of the centric cross-section of the ovaries continuously increased until it reached a plateau. Two sample images are as shown in Fig. 5 . The average image intensity across the centric cross-section of each ovary was calculated and the values of C were obtained through the linear relationship demonstrated in Fig. 4. Fig. 6 shows the value of C inside an ovary with a radius of 1.1 mm as a function of time, and the fitted curve using Fig. 2 . The proton MR spectrum at 7 T from the sample holder loaded with two ovaries and 40% (w/w) EG solution. The excitation frequency was centered at the resonance frequency for the -CH 2 group in EG molecules. D and the stepwise strategy to obtain the theoretical solutions, when the inverse perfusion procedure is followed, the final distribution of EG concentration in a spherical mouse ovary with a radius of 1 mm is shown in Fig. 7 . During the whole perfusion process, the EG concentration as a function of time at different locations in the ovary is shown in Fig. 8 .
Discussion
During the CPA perfusion processes in tissues or organs, water diffusion accompanies with CPA diffusion, and calculating the MR image intensity from the excitation of the protons in both water and CPA molecules will result in complicated physical analyses. On the other hand, to design a perfusion procedure, the primary concern is the CPA concentration distribution. Considering these two facts, water saturation techniques were applied in this study to eliminate the water signal and reveal the movement of EG molecules into the different locations of ovaries.
Different methods have been developed to measure CPA diffusivity in tissues [1, 2, 6, 10, 24] . In organs, even as simple as mouse ovaries, there exist different types of tissues. As a result, the CPA perfusion rate in ovaries is non-uniform as shown in Fig. 5 and previous methods cannot be applied in this situation. Meanwhile, for the application of any perfusion technique, it is important to know the overall perfusion time to design the perfusion procedures. Therefore, an average value of CPA diffusivity in organs is needed 6 . The experimental data with their fitted curve for the average EG concentration change on the centric cross-section of an ovary with 1.1 mm as its identical radius. Fig. 7 . The theoretical results of the ''inverse" EG distribution in an ovary of 1 mm in radius after the proposed perfusion procedure is used. Fig. 8 . The change of EG concentration in the ovary using the proposed perfusion procedure.
to simplify the analyses and technical designs. We defined the phenomenological parameter D to solve this problem and the curvefitting result as shown in Fig. 6 demonstrates that the use of D satisfies the need to determine the time duration required for EG perfusion procedures. With the measured value of D, we can treat the ovaries as porous media with a uniform EG diffusivity the same as D, and the osmotic behavior of cells at different locations can be simulated with the extracellular solute concentrations determined by the simple diffusion process in such hypothetical porous media. Through this approach, we can optimize the perfusion procedures to minimize the osmotic damage to cells. Compared to the EG diffusivity in water [21] , our result for the value of D in the mouse ovaries is approximately one order lower.
Commonly used cryopreservation protocols achieve uniform CPA concentrations ($1.5 M) distributions prior to cooling. Then, during cooling the cells near the center of ovaries can lose little water during equilibrium cooling procedures, due to relatively low water diffusivity in tissues at subzero temperatures (on the order of 10 À7 cm 2 /s). As a result, the possibility of IIF in these center cells is significantly increased. When the perfusion method we proposed is used, the concentration of the EG in the center of the ovaries can still maintain $6 M at the end of the perfusion procedure, which should significantly lower the possibility of IIF by decreasing the degree of supercooling and increasing the solution viscosity [22] .
Conclusion
In this study, a simple physical model was proposed to investigate CPA perfusion processes in organs. The apparent EG diffusivity in mouse ovaries was defined and measured using rapid MRI with water saturation techniques to overcome the technical difficulties generated by the multiple tissue and cell types. To achieve a relatively high concentration of CPA in the center of organs to prevent IIF when equilibrium cooling procedures are used, an ''inverse" perfusion method was proposed. The efficiency of the method was assessed by theoretical analyses, and it was demonstrated that this method significantly increases the CPA concentration in the ovary center without influencing the concentration near the surface.
